Docosahexaenoic acid (DHA), a 22-carbon fatty acid with six double bonds, is one of the major n-3 highly unsaturated fatty acids in fish oils, and it is highly enriched in mammalian brain phospholipids. DHA has been suggested to be required for neuronal development and synaptic plasticity. For example, the DHA content in brain phospholipid was decreased in Alzheimer's disease. 1) In addition, Lucas et al. reported that DHA of human mother's milk may have beneficial effects on the structural development of the central nervous system in children.
2) The relation between lipid intake and learning performance in training tests has also been investigated extensively. Yamamoto et al. described that longterm feeding of perilla oil (rich in alpha-linolenate) increased learning ability and brain DHA content in rats.
3) Suzuki et al. also reported that the aged rats fed on a fish oil diet caused an increase in the DHA levels of brain phospholipids. 4) Recently, it was found that the intake of DHA effectively enhances maze-learning ability and brain functions in old mice rather than in young mice. 5) These studies suggest that DHA is an important component for maintaining and improving brain functions in aged animals. On the other hand, Hayashi et al. recently succeeded that a DHA-fortified Chlorella can be prepared by supplementing purified DHA-enriched fish oil to the culture. 6) In the DHA-fortified Chlorella oil fraction, DHA is incorporated not only into neutral lipids, such as those in fish oils, but also into phospholipids and glycolipids (data not shown). Recently, it was reported that these polar lipid-form DHAs show stronger pharmacological effects than the neutral lipid-form. 7, 8) Thus, this DHA-fortified Chlorella may be anticipated as more efficient supplementing DHA.
In this study, we examined the effect of long-term feeding of DHA-fortified Chlorella oil fraction contained-diet on the maze learning ability and brain fatty acid composition.
MATERIALS AND METHODS

Preparation of DHA-Fortified Chlorella Oil Fraction
Chlorella vulgaris strain CK-22 was used in this study. Chlorella cells were cultured at 35°C in a medium composed of 2% glucose, 0.15% urea, 0.12% KH 2 PO 4 , 0.06% MgSO 4 · 7H 2 O, 15 mg/l of EDTA-Na-Fe, and 2 ml/l of an A5 mineral solution for 24 h in the dark. After the addition of 0.08% of DHA-enriched fish oil (90 or 90.2% purity, Bizen Chemical Co. Ltd., Okayama, Japan), cultivation was continued for 10 h. The cells were harvested, washed 3 times with distilled water and heated at 120°C for 1 min, and then dried at 160°C by spray drier. Thereafter, dried powdered Chlorella (7.5 kg) was extracted by reflux in 50% ethanol (50 l) at 50-60°C for 2 h. The filtrate was evaporated under reduced pressure to yield a green extract (285 g). DHA was contained in the neutral lipids (53.3%), phospholipids (38.1) and glycolipids (8.6) in DHA-fortified Chlorella oil fraction.
Animals and Diets Male ICR strain mice (9 months old) were obtained from Charles River Japan (Kanagawa, Japan). Mice were fed a standard diet, AIN-93 (Oriental Yeast, Tokyo, Japan) in our laboratory for 1 week. Mice were randomly divided into 2 groups as follows: 1) a group fed standard diet, AIN-93 (control group), and 2) a group fed 2% DHA-fortified Chlorella oil fraction contained-diet (DHAfortified Chlorella group) for 2 months. Some major differences between DHA-fortified Chlorella oil fraction contained-diet and AIN-93 are as follows: 2 g soybean oil/100 g diet was substituted for 2 g DHA-fortified Chlorella oil fraction/100 g. Fatty acid compositions of the diets are shown in Table 1 . The diets were stored at Ϫ20°C and fresh supplies were given to the mice once every 3 d. The diet and water were given ad libitum, and food consumption was measured. All mice were housed in an air-conditioned room maintained at 22-26°C with humidity of 40-70%. Body weights of mice were measured once a week. This animal study was ap- Effect of docosahexaenoic acid (DHA) [22 : 6(n-3)]-fortified Chlorella oil fraction on radial maze performance was studied in aged mice. Male ICR mice aged 9 months were fed a diet containing 2 g DHA-fortified Chlorella oil fraction/100 g diet or normal diet (Control group) for 2 months. Two months after the start of feeding, the mice were tested for learning ability related to 2 types of memory, reference memory and working memory, with the partially (4 of 8) baited eight-arm radial maze. Reference memory is a kind of information that should be retained until the next trial. Working memory is a kind of information that disappears in a short time. Entry into the unbaited arms and repeated entry into the visited arms were defined as reference memory errors and working memory errors, respectively. DHA-fortified Chlorella oil fraction administration to mice for 2 months resulted in a significant decrease in the number of working memory errors without affecting the number of reference memory errors. A significant increase in the DHA content in the brain was also observed. These results suggest that the intake of DHA-fortified Chlorella oil fraction effectively enhances working memory in maze performance.
Effect of Docosahexaenoic Acid-Fortified Chlorella vulgaris
proved by the Animal Care and Use Committee, Faculty of Pharmaceutical Sciences, Okayama University.
The Eight-Arm Radial Maze Task The symmetrical eight-arm radial maze consisted of 25 cm arms projecting from an octagonal central platform (10.5 cm diameter), each arm having a width of 6 cm and bordered by 6 cm walls on either side and being equipped with a food cup (0.7 cm deep and 1.0 cm in diameter). The apparatus was mounted 50 cm above the floor in a closed room where all visual cues were kept unchanged throughout the test trial. The experimenter maintained a constant position beside the radial maze and observed the behavior of the mice. Six weeks after the start of DHA feeding, each mouse was kept on a limited-food schedule designed to maintain body weight at 80-85% of the free-feeding weight. At one week before the test, each mouse was handled 5 min daily for 5 consecutive days and was familiarized with the apparatus, where 10 mg of reward pellets was scattered throughout the radial maze. During the test trial, each mouse was given 2 daily trials for 5 d/week. One trial consisted of baiting only 4 arms with reward pellets after placing the mice in the center platform. Under these conditions, the same four arms were baited consistently for all animals. The test was continued for 2 weeks and two parameters; reference memory error (entry into the unbaited arms) and working memory error (repeated entry into the arms that had already been visited within a trial) were measured. Reference working memory error (repeated entry into the arms that were never baited) was not shown because of reflecting the combined effects of failures of both working and reference memory.
Fatty Acid Analysis After the end of the maze task, mice were anesthetized with diethyl ether and killed by decapitation. The whole brain was rapidly removed and was stored at Ϫ80°C until assayed. The fatty acid composition was then analyzed by gas liquid chromatography (GC-14A, Shimadzu, Kyoto, Japan) after extracting the lipid by the Bligh and Dyer method 9) and subsequent methanolysis. Statistical Analysis All findings are expressed as meansϮS.E. The statistical significance of the difference in the behavioral scores between the normal diet group and the DHA-fortified Chlorella oil fraction diet group was determined by the Wilcoxon's rank sum test. Probability values of 0.05 or less were considered significant.
RESULTS
Lipid Profiles of Brain
In the 2 diet groups, the body weight gain was not significantly different. No difference was also observed between normal diet mice and the DHA-fortified Chlorella oil fraction diet mice in the food consumption. The effect of chronic feeding of DHA-fortified Chlorella oil fraction on whole brain fatty acid profiles is shown in Table  2 . The major highly unsaturated fatty acids of the brain lipids were 20 : 4 and 22 : 6 in the normal diet mice. Mice fed the DHA-fortified Chlorella oil fraction diet showed a significant decrease in 20 : 4. Moreover, the fatty acid composition of 18 : 0 was lower in the DHA-fortified Chlorella oil fraction diet mice than in normal diet mice. Chronic feeding of the DHA-fortified Chlorella oil fraction significantly increased the DHA (22 : 6) content in the brain.
The Eight-Arm Radial Maze Task Figure 1 shows the effect of chronic feeding of DHA-fortified Chlorella oil fraction on total errors, reference memory errors and working memory errors on radial maze performance in mice. The score is expressed as the mean number of total errors, reference memory errors and working memory errors for each group, with data averaged of twenty trials. Chronic feeding of DHA-fortified Chlorella oil fraction significantly decreased the numbers of total errors and working memory errors. No significant effect was observed in groups on the number of reference memory errors.
DISCUSSION
There was no significant difference in body weight gain and food consumption between normal diet and DHA-fortified Chlorella oil fraction contained-diet groups. These results suggest that both normal diet mice and DHA-fortified Chlorella oil fraction diet mice ingested equal amounts of each fat and energy. It has been proposed that changes in the fatty acid composition of brain lipids occur during aging, and this phenomenon to be correlated in part with an age-related deterioration of functions of the central nervous system. 10) Recently, Lim and Suzuki showed that the intake of DHA effectively enhances maze-learning ability and brain functions in old mice rather than in young mice.
5) The findings of the Values shown are % of total fatty acids. Lipids were extracted from the diets with chloroform-methanol. Fatty acids were converted to methyl esters and analyzed by gasliquid chromatography. Fatty acids were designated by the carbon chain: the number of double bonds. The position of the first double bond numbered from the methyl terminus is designated as (n-9), (n-6), or (n-3). ND, not detected. -7) . Statistical significance between the normal diet group and the DHA-fortified Chlorella oil fraction contained-diet group is shown: * pϽ0.05; * * pϽ0.01. Lipids were extracted from the diets with chloroform-methanol. Fatty acids were converted to methyl esters and analyzed by gas-liquid chromatography. Fatty acids were designated by the carbon chain: the number of double bonds. The position of the first double bond numbered from the methyl terminus is designated as (n-9), (n-6), or (n-3).
present study suggest that DHA is an important component for maintaining and improving brain function in aged mice. Suzuki et al. also reported that synaptic membrane fluidity and maze learning ability in aged mice fed a DHA-rich diet were higher than that in control mice. 10) It is presumed, therefore that DHA may influence the function of the synaptic membrane, which plays an important role in improving learning and memory. Thus, the superior learning ability of mice fed the DHA-rich diet observed in this study may be related to the synaptic membrane fluidity.
Several or many studies have reported that a significant working memory deficit occurs in Alzheimer's type patients. [11] [12] [13] On the other hand, Söderberg et al. reported that DHA content in brain phospholipid was decreased in Alzheimer's disease. 1) Therefore, it has been suggested that low levels of DHA may also be associated with senile dementia. However, little has been done to study the effect of DHA on working memory in animals. We used the partially (four of eight) baited eight-arm radial maze task to investigate learning ability in mice. The maze task used in the present study can estimate 2 types of memory, reference memory and working memory. Recently, Gamoh et al. reported that working memory errors were not affected by DHA administration. 14) In this study, the working memory error in control group was nearly zero to the end point of trials. From above results, they concluded that the effect of DHA on the working memory could not be clarified. As shown in the present findings, improved working memory in aged mice was observed by chronic feeding the DHA-fortified Chlorella oil fraction. Therefore, it is conceivable from the present results and previous findings that DHA has an enhancing effect on the working memory relating learning ability in Alzheimer's type patients.
The present results suggest that the intake of the DHA-fortified Chlorella or its oil fraction may be promising to the prevention and therapy for dementia of Alzheimer's type patients. 
